Marine diatoms are important primary producers that thrive in diverse and dynamic environments. They do so, in theory, by sensing changing conditions and adapting their physiology accordingly. Using the model species Thalassiosira pseudonana, we conducted a detailed physiological and transcriptomic survey to measure the recurrent transcriptional changes that characterize typical diatom growth in batch culture. Roughly 40% of the transcriptome varied significantly and recurrently, reflecting large, reproducible cell-state transitions between four principal states: (i) "dawn," following 12 h of darkness; (ii) "dusk," following 12 h of light; (iii) exponential growth and nutrient repletion; and (iv) stationary phase and nutrient depletion. Increases in expression of thousands of genes at the end of the reoccurring dark periods (dawn), including those involved in photosynthesis (e.g., ribulose-1,5-bisphosphate carboxylase oxygenase genes rbcS and rbcL), imply large-scale anticipatory circadian mechanisms at the level of gene regulation. Repeated shifts in the transcript levels of hundreds of genes encoding sensory, signaling, and regulatory functions accompanied the four cell-state transitions, providing a preliminary map of the highly coordinated gene regulatory program under varying conditions. Several putative light sensing and signaling proteins were associated with recurrent diel transitions, suggesting that these genes may be involved in light-sensitive and circadian regulation of cell state. These results begin to explain, in comprehensive detail, how the diatom gene regulatory program operates under varying environmental conditions. Detailed knowledge of this dynamic molecular process will be invaluable for new hypothesis generation and the interpretation of genetic, environmental, and metatranscriptomic data from field studies. 
Marine diatoms are important primary producers that thrive in diverse and dynamic environments. They do so, in theory, by sensing changing conditions and adapting their physiology accordingly. Using the model species Thalassiosira pseudonana, we conducted a detailed physiological and transcriptomic survey to measure the recurrent transcriptional changes that characterize typical diatom growth in batch culture. Roughly 40% of the transcriptome varied significantly and recurrently, reflecting large, reproducible cell-state transitions between four principal states: (i) "dawn," following 12 h of darkness; (ii) "dusk," following 12 h of light; (iii) exponential growth and nutrient repletion; and (iv) stationary phase and nutrient depletion. Increases in expression of thousands of genes at the end of the reoccurring dark periods (dawn), including those involved in photosynthesis (e.g., ribulose-1,5-bisphosphate carboxylase oxygenase genes rbcS and rbcL), imply large-scale anticipatory circadian mechanisms at the level of gene regulation. Repeated shifts in the transcript levels of hundreds of genes encoding sensory, signaling, and regulatory functions accompanied the four cell-state transitions, providing a preliminary map of the highly coordinated gene regulatory program under varying conditions. Several putative light sensing and signaling proteins were associated with recurrent diel transitions, suggesting that these genes may be involved in light-sensitive and circadian regulation of cell state. These results begin to explain, in comprehensive detail, how the diatom gene regulatory program operates under varying environmental conditions. Detailed knowledge of this dynamic molecular process will be invaluable for new hypothesis generation and the interpretation of genetic, environmental, and metatranscriptomic data from field studies.
diurnal cycle | oceanography | photosynthesis | phytoplankton | gene expression D iatoms are widespread throughout the oceans and freshwater ecosystems and have evolved to flourish under diverse and changing environments (1, 2) . They are important for the uptake of CO 2 and the production of organic carbon (3) (4) (5) , as well as the cycling of macronutrients including nitrogen, silicon, and phosphorus (6) . Marine phytoplankton account for nearly half of the primary production of organic carbon on the planet (7) . Diatoms are estimated to account for up to 40% of marine productivity and up to 90% in highly productive nutrient-rich coastal regions (8, 9) . Thus, it is important to study the effects of climate change, nutrient availability, and other stresses on marine diatoms, as these effects will propagate from single cells into marine ecosystems.
The biology and adaptation of diatoms, as in all organisms, critically depend on mechanisms of physiological regulation encoded in the genome. The availability of diatom genome sequences provides the opportunity for detailed examinations of the genetic and mechanistic bases of diatom ecophysiology and evolution (10, 11) . The genetic repertoire of diatoms consists of more than 10,000 predicted genes, the majority of which bear no similarity to genes of known function. This novelty precludes a complete understanding of the physiology, regulation, and adaptation of this important class of organisms.
Measures of genome-wide expression patterns of the up-or down-regulation of diatom genes under both laboratory conditions and in the wild have implicated many genes in the responses and/or acclimation to environmental perturbations (12) (13) (14) (15) (16) . In nature, diatoms must use sensory and regulatory mechanisms to carry out their physiological programs in the context of additional variations including recurring changes in nutrient conditions, pH, cell density, and diel light cycling. Our experiments were designed to identify genes responsible for general homeostasis under fluctuating conditions and expression patterns that are coherent across multiple environmental scenarios. We analyzed the recurring physiological and transcriptional changes that occur in the model diatom Thalassiosira pseudonana (10) as cells divide and transition from nutrient-replete to nutrient-depleted conditions. Physiological characteristics and genome-wide transcript levels were measured over the course of 5 d for axenic cultures on a 12:12 h dark:light cycle. Data collected from growth experiments at two CO 2 levels, ambient (400 ppm) and elevated (800 ppm), were compared and then combined to identify core patterns of expression that are shared in common between current and future estimates of CO 2 levels in the ocean (17) (18) (19) (20) .
Results and Discussion
Cultures of axenic T. pseudonana cells that were entrained to a 12:12 h light:dark cycle were grown for 5 d to survey the physiological and regulatory changes that occur over the growth curve. Cell density increased exponentially for the first 3 d, with the highest growth rates and the majority of cell divisions occurring during the light phase (Figs. S1 and S2). Light-dependent photosynthetic activity drove increases in pH and oxygen levels during the light period. Cellular fluorescent capacity (CFC) peaked early during the light phases and decreased to a minimum during the dark period. The cultures entered a stationary phase at a cell density of ∼3 × 10 6 cells/mL, concurrent with the exhaustion of nitrate in the media. This was accompanied by a decrease in photosynthesis, as evident in the decrease in the magnitude of pH and O 2 fluctuations, as well as a decrease in photosynthetic capacity and cell division. Physiology and growth characteristics were similar under both CO 2 regimes (Figs. S1 and S2).
Whole-genome expression patterns were measured twice daily for 5 consecutive days: once at the end of the 12-h dark period (hence referred to as "dawn") and once at the end of the 12-h light period (hence referred to as "dusk"). These sampling points represent distinctly different growth conditions for these obligate photoautotrophs, which must regulate their physiology and metabolism based on light and nutrient availability (21, 22) . Genelevel expression changes for all corresponding time points were highly correlated for both CO 2 regimes (P = 2.2 × 10 −16
, Fig.  S3B ). The expression time series were combined to detect the growth-dependent dynamics of expression that generalize over both conditions. The expression patterns displayed recurring diel transitions as well as a large co-occurring growth-phasedependent effect over the 5-d growth curve. Expression of roughly 40% of T. pseudonana genes (two-factor ANOVA) was associated with four cellular states (Fig. 1A) : (i) dawn, following 12 h of darkness (1,326 up-regulated genes), (ii) dusk, following 12 h of light (1,859 genes), (iii) exponential phase, nutrient-replete growth (1,150 genes), and (iv) stationary phase nutrient-limited culture (1,098 genes). The genes that were most differentially expressed between these states are shown in Fig. S3A and Table S1 . In addition to broad changes in the core physiology of T. pseudonana under each of these conditions, the large repertoires of sensing, signaling, and regulatory genes in this organism were highly patterned and differentially expressed under conditions that usually fluctuate under typical growth conditions (Fig.  1B) . The physiological and transcriptomic variations that occurred during these experiments resulted in a broad picture of the cell state transitions that prevail under these conditions (Fig. 2 ).
Diel Cycling of Core Physiological Functions. Day and night length, maximum irradiance, and spectral composition are important variables in the diel modulation of photosynthesis and metabolic processes in phytoplankton (23) (24) (25) . The expression of 3,185 genes fluctuated significantly and recurrently between the light and dark periods (Fig. 1A) . After 12 h of light (dusk), the most highly expressed genes included those that encode enzymes for cell division, DNA replication and repair, carbon metabolism, and oxidative phosphorylation (Fig. S3A) . Genes involved in cell membrane, cell wall biogenesis (actin, dynein, tubulin, protein transport protein Sec61-1 and -2, and several vacuolar ATPases) were also up-regulated during the light period (Fig. S4) as expected during periods of cell division when the silicified cell wall (frustule) is generated to reencase daughter cells (26) . Significantly higher transcript levels for superoxide dismutases and peroxidases under light (Fig. S5A) , followed by the upregulation of genes for DNA repair, the mitigation of oxidative stress, and five of six putative metacaspases (Fig. S5B) (27, 28) by the end of the light period suggest active mechanisms to ameliorate light-and growth-related stresses on the cell.
After 12 h of darkness (dawn), the expression of light-associated genes had strongly decreased in accordance with the absence of light and the decrease in growth rates and cell division ( Fig. S3 and Table S1 ). Genes whose transcript levels were higher after 12 h of darkness were enriched for those encoding ribosomal biogenesis, aminoacyl-tRNAs, and key photosynthetic enzymes ( Fig. S3C and Table S2 ). Genes for key photosynthetic enzymes [ribulose-1,5-bisphosphate carboxylase oxygenase Gene groups consist of genes whose expression changes were significantly associated with dark:light or exponential:stationary transitions by ANOVA at P < 0.01. Dawn-associated genes were significantly associated with the dark: light transition and higher in expression at the end of the 12-h dark periods (gray backgrounds). Dusk-associated genes were significantly associated with the dark:light transition and higher in expression at the end of the 12-h dark light (yellow backgrounds). Exponential and stationary genes were significantly associated with the exponential:stationary transition. Genes labeled exponential were higher in expression during the exponential phase (up to day 3). Genes labeled stationary were higher in expression during the stationary phase (following day 3). (B) Euler diagrams illustrate the numbers of genes associated with each condition. Genes for which associations were not detected are indicated by the ∅ symbol. *Sensing and signaling genes include all photoreceptors and genes with the following InterPro domains: IPR000719 (protein kinase), IPR001019 (G protein alpha subunit), IPR001632 (G protein beta subunit), IPR001789 (response regulator receiver), IPR003018 (GAF), IPR000337 (GPCR, family 3), IPR000276 (GPCR, rhodopsin-like), IPR002182 (NB-ARC), IPR001806 (Small GTPase), IPR002073 (cyclic nucleotide phosphodiesterase), IPR001054 (guanylyl cyclase), IPR000014 (PAS), IPR001680 (WD40), IPR001611 (Leucine-rich repeat (LRR)). WD40 and LRR domains (110 and 81 genes) are multifunctional and may not all represent signaling genes. (RuBisCO), aldose-1-epimerase, and transketolase] and protein synthesis were up-regulated in apparent anticipation of the impending light phase (Fig. S6 ), in agreement with prior findings for genes encoding photosynthetic functions in algae (29) (30) (31) (32) . This supports the theory that diatom gene regulation becomes entrained to anticipate the diurnal cycle such that the up-regulation of photosynthetic genes precedes the onset of light (33, 34) .
Transition from Exponential Growth to Nutrient-Depleted Stationary
Phase. In the natural environment, diatoms commonly experience growth limitation due to depletion of nitrogen or silicon. In these experiments, the transition from nutrient-replete exponential growth to a nutrient-depleted stationary phase was accompanied by changes in the expression of 2,248 genes. The 1,150 genes expressed at higher levels during exponential growth were predominantly associated with photosynthesis, anabolism, and cell division, which are required for growth and increased biomass (Fig. 2C) . Genes encoding fucoxanthin chlorophyll binding proteins (n = 30) were the most differentially expressed class of genes between exponential and stationary phases, decreasing in expression an average of 5.8-fold (P = 6 × 10 −12 , Fig. S3A ). This has been previously observed for select fucoxanthin genes (33). The 1,098 genes that were more highly expressed during the stationary phase are related to nutrient assimilation and respiratory and catabolic pathways characteristic of nutrient limitation and starvation (Fig. S3 ). Nitrate and silicic acid transporters (n = 6) increased in expression an average of 3.5-fold following depletion of both nutrients during the stationary phase (P = 2 × 10 −12 , Fig. S7 ), in agreement with prior studies (12) . Despite the lack of added ammonium to the media, ammonium transporters (n = 4) were expressed (1.5-fold) during the exponential phase of growth (P = 2 × 10 −5 ), perhaps due to an engrained regulatory mechanism to uptake this preferred nutrient during growth (35) (36) (37) .
Growth Phase and Nutrient Status Affect Diel Regulation. In addition to broadly altering physiology and gene expression, the exponential-to-stationary transition also altered diel expression patterns of many genes. A decrease in the magnitude of diel expression changes occurred during the nutrient-depleted stationary phase (Fig. 1A) , and the expression patterns of roughly 500 genes were statistically associated with the interactions between the light:dark and exponential:stationary factors: the extent to which the expression of these genes correlated with light status depended on the phase of growth (Fig. S8 and Dataset S1). Most of these genes ceased to fluctuate in dark vs. light expression during the stationary phase (Fig. S8A ). This could be explained by the concomitant decreases in photosynthesis, cellular photosynthetic capacity, carbon fixation, and cell division. Self-shading due to increased cell density may also have influenced photosynthesis and gene expression. In contrast, a small number of genes exhibited diel fluctuations only during the stationary phase, including hypothetical proteins and a dawn-associated putative pyruvate carboxylase (11075) that may be indicative of gluconeogenesis or lipid biosynthesis (Fig. S8B) . Roughly 100 genes, including genes likely involved in carbohydrate metabolism (11212, 27850, 269248, and 1972) and transcriptional regulation (268788), appeared to switch from dawn to dusk expression (or vice versa) following the transition to stationary phase (Fig. S8C) . Overall, genes that were affected by interacting light and growth phase effects included many photoreceptors, transcription factors, and signaling proteins, as well as a putative C-terminal jumonji (JmjC)-like signal-sensing chromatin state regulator (22122). This underlines the importance of decoding the roles of sensing and regulatory genes in circadian regulation.
Coordination of Cellular State Transitions by Sensing, Signaling, and Regulatory Systems. The ability of diatoms to adjust their physiology in response to the diurnal cycle and growth phase fundamentally depends on sensing, signaling, and regulatory mechanisms (38, 39) . The expression levels of 41% of known transcription factors, 35% of all potential signaling domains, and 31% of genes involved in chromatin state dynamics were up-regulated under one or more of the four identified growth states (Fig. 1B) . The physiological changes and differential expression of over 4,000 genes that accompanied day:night and exponential:stationary transitions were presumably conducted in part by the modulation of these genes. Whereas the precise flow of information through multiple levels of regulation cannot be elucidated based on these data alone, the conditional coassociation of genes belonging to these classes begins to explain how and which genes are receiving, transmitting, and executing the gene regulatory program over changing conditions. Light Sensing and Signaling Mechanisms. Photoreceptors modulate, at a transcriptional level, a wide array of different light-driven processes. These include photomorphogenesis and the entrainment of the circadian clock in higher plants (40) . Diatoms contain multiple photoreceptors to sense and respond to light signals of varying and specific spectral properties (38, 39) . In T. pseudonana, one (far) red-light photoreceptor (diatom phytochrome DPh), four blue-light cryptochrome/photolyase family proteins (CPF1-4), and four aureochrome-like blue-light-regulated transcription factors have been identified (38, 39, 41, 42) . Aureochrome AUREO1a (33340) was recently shown to control blue-lightinduced initiation of diatom cell division by activating the diatom-specific cyclin 2 (dsCYC2) promoter in Phaeodactylum tricornutum (43) . In our experiments, CPF1 (262946), AUREO1c (37198), and DPh (22848) were all diurnally expressed, with consistently higher transcript levels for CPF1 at dawn and consistently higher transcript levels for DPh at dusk. In contrast, the CPD photolyases (CPD; DNA repair), CPF2-4, AUREO1a, and AUREO2 (33407) were not detectably associated with the light: dark cycle (Fig. S9A) . CPF1 is the only putative photoreceptor for which the diel pattern of expression cycled consistently throughout the experiment, regardless of nutrient status or cell density (Fig. 3A) . This is in contrast to AUREO1c and DPh, for which diel changes in expression were higher during the exponential and stationary phases, respectively. CPF1 has also been shown to exhibit an endogenous and entrained circadian rhythm upon transition to constant light conditions in Ostreococcus tauri (44) . This suggests that CPF1 may be involved in a diurnally entrained circadian mechanism that is independent of other factors affecting cell status. AUREO1c may putatively exert a regulatory function by binding and activating promoter regions of exponential growth phase-related target genes using its basic A B region/leucine zipper (bZIP) domain, possibly in conjunction with a secondary bZIP protein, in a manner similar to the AUREO1a activation of dsCYC2 promoter in P. tricornutum (43) . The function of the (far-) red light-sensitive DPh receptor in diatoms remains enigmatic, because red light is selectively attenuated with depth in the ocean (45), but in higher plants phytochromes have been shown to play a variety of roles, including the entrainment of the circadian clock, photomorphogenesis, and shade avoidance, among others (40) . Despite the abundance of high-energy light in the ocean (violet, blue, and green), sequences encoding phototropins (blue light) and rhodopsins (green light) are lacking in diatom genomes currently sequenced, with the exception of bacterial-like (proteo) rhodopsins found in open-ocean Pseudonitzschia granii and Fragilariopsis cylindrus (16) . We examined the T. pseudonana genome for novel putative light-sensitive regulators by looking for genes containing light-sensing and regulatory domains. Aureochromes, for example, consist of a flavin-binding light-oxygen-voltage (LOV) domain in conjunction with a bZIP domain (41) . The discovery of aureochromes in stramenopiles may suggest that these organisms have evolved unique and alternative ways to control (blue) light-regulated processes. To identify additional putative light-responsive regulators, we examined the expression profiles for genes containing signal-sensing Per-ARNT-Sim (PAS) and/or C-terminal PAS (PAC) domains in conjunction with transcription factor domains (Fig. S10 ). Two transcripts with PAS domains and a basic helix-loop-helix (bHLH) DNA-binding domain (20899 and 4202) and two transcripts with PAS and bZIP domains (9688 and 9689) all showed strong diel oscillations regardless of growth phase or nutrient status (Fig. 3) . This is similar to the expression pattern of CPF1, suggesting that these genes may be involved in maintaining light-regulated circadian rhythms. One PAS-domain containing gene (262720) was expressed similarly to DPh, with higher expression levels at dusk, and two PAS genes (263935 and 33193) were expressed specifically during exponential growth. These genes, especially the bZIP and bHLH-containing sequences, are thus implicated as light-sensitive stramenopile-specific photoreceptors that could regulate gene expression levels by directly binding to the diatom DNA.
Membrane-Associated Signal Transduction. Additional signaling and regulation likely occurs in diatoms through membraneassociated second-messenger and two-component signaling (TCS) systems. Two-component signaling, which is commonly used by bacteria and other organisms to sense environmental cues such as pH, temperature, and nutrient status, involves a membranebound histidine kinase and a cytosolic response regulator (RR). The T. pseudonana genome encodes 194 putative protein kinases, of which 8 contain putative transmembrane regions (TMs), as well as 4 histidine kinases without predicted TMs (38) . Other genes that are potentially involved in environmental perception and signaling include those bearing similarity to membrane-bound G-protein coupled receptors (GPCRs), leucine-rich repeat (LRR)-containing genes, and recently described nucleotidebinding NB-ARC domains (46) . Genes from each of these classes varied significantly in expression between dark:light and exponential:stationary conditions (Fig. S9E) . Additionally, one of the most highly expressed genes at dawn (268270) encodes a PATCHED domain, which is found in the transmembrane receptors of hedgehog signaling pathways in vertebrates and insects.
Chromatin State Regulation Pervades Normal Growth. DNA methylases and histone modifiers epigenetically control chromatin state and gene silencing (47) . T. pseudonana possesses a large set of genes encoding chromatin regulatory functions and may use extensive chromatin state regulation (48) . Diel cycling of expression for these genes suggests that chromatin state regulation and gene silencing is important during the diurnal cycle (Fig.  S11) . Of four genes resembling a C5 cytosine-specific DNA methylase (C5-DMase), one (21517) was more highly expressed at dawn, along with lysine acetyltransferases (22580 and 9040), a methyltransferase (264323), and a jumonji-like protein (22122) that may be a signal-dependent histone modifier. The expression of histones H2A and H2B was consistently higher at dusk, related perhaps to DNA replication and cell division during the light period. Various lysine deacetylases (16405, 16384, and 269060) and a demethylase (1836) were coexpressed with these histones and likely regulate the formation of nucleosomes. During the nutrient-depleted stationary phase, two lysine demethylases (1863 and 22122), two lysine deacetylases (16405 and 15819), and one acetyltransferase (37928) were up-regulated. These genes may be involved in the shift to decreased cell division, nutrient scavenging, and quiescence. The cycling expression of these genes suggests that chromatin state regulation is pervasive in diatoms even under normal conditions.
Forty Percent of Transcription Factors Are Differentially Expressed
During Typical Growth Transitions. Expression changes in transcription factors (TFs) are known to influence downstream gene regulation. Increases or decreases in the expression of TFs under specific conditions implicate their function in the acclimation or response of the organism to that condition. The T. pseudonana genome contains an estimated 250 genes encoding transcription factors, with the largest number of genes bearing similarity to heat-shock factor (HSF) and "myeloblastosis" family (Myb) domains (94 and 37, respectively) (49). One hundred and two (102) TFs were associated with one or more growth states (Fig.  1B and Fig. S10A ). Diel fluctuations were more prevalent for transcription factors than the shift from exponential to stationary phase (71 vs. 42 TFs), and the majority of associations involved diel fluctuations with higher expression at dawn (54/102 TFs). Twenty-three HSFs were significantly enriched among dawnassociated TFs (P = 0.008, hypergeometric), suggesting that heat shock factor activity may be important for diatoms to cope with nighttime conditions and/or the transition to light. Genes bearing similarity to σ70 (49) were also enriched in dawn-associated TFs (P = 0.006) and for those associated with the exponential phase (P = 0.016). In contrast, helix-loop-helix (HLH), CCAAT-binding factor (CBF), and cysteine-rich (CXC-type) family TFs were enriched among dusk-associated TFs, implicating the functions of these factors in daytime-associated functions and the transition to darkness. Four putative transcription factors (269238, 6958, 25911, and 9375), three of which are putative heat-shock factors, were among the top twenty most differentially expressed known genes during the stationary phase (Fig. S3A ). Thus these may be important for the response and acclimation to nutrient limitation. Expression levels for many TFs differed significantly over both day:night and exponential:stationary transitions (Fig. S10B) . The recurrent differential expression of almost half the transcription factor repertoire in T. pseudonana indicates a high degree of complexity in transcriptional regulation during typical growth conditions.
Core Transcriptomic States and Regulatory Relationships Generalize over Multiple Independent Experiments. The large, recurrent changes in the transcriptome during our growth experiments establish the core functional and regulatory modules associated with recurring changes in growth conditions (Fig. 2) . To determine the extent to which these expression modules reflect fundamental properties of the T. pseudonana gene regulatory network, we examined the coexpression of genes across an integrated dataset that included published microarray data from several additional T. pseudonana growth conditions [high pH, iron, nitrogen and silicon depletion, low temperature (12), iron stress (15), benzopyrene exposure (50) , and recovery from silicon limitation (51) ]. The genes identified in our experiment were highly correlated (P < 0.01) across 40 microarray conditions, reconstituting the four principal expression states that we observed (Fig. S12A) . Data from these orthogonal experiments begin to subordinate large groups of coexpressed genes into submodules that are theoretically enriched in functionally related and coregulated genes ( Fig. S12A and Dataset S2).
Many genes involved in sensing, signaling, gene regulation, and chromatin dynamics were exclusively correlated with particular functional clusters (Fig. S12B) . To assess the potential mechanistic relationships by which transcription factors in T. pseudonana regulate the transcription of other genes, we combined coexpression data obtained from all available microarrays with the occurrence of potential transcription factor-DNA binding sites (TFBSs) in the upstream promoter regions of all genes. We identified the putative diatom TFBS using conserved profiles from orthologous TF families (HSF, Myb, bZIP, AP2, and E2F) found in higher plants (P < 1 × 10
−4
). Assuming that diatom TFs can specifically bind these plant-derived motifs and that binding may alter target gene transcription, we generated a set of potential transcriptional activation pathways between several TFs and many significantly coexpressed genes (P < 0.05; Fig. 4 ). This partial gene regulatory network model (Dataset S3) provides a number of new hypotheses about the potential direct regulators of tightly controlled physiological and metabolic pathways. For example, the majority of putative target genes clustering with the dawn/exponentially expressed photoreceptor AUREO1c (Fig. 3A) are involved in photosynthesis and sugar metabolism (Dataset S4). Key regulatory roles are also implied for the putative light-responsive transcription factor bZIP7a/ PAS, which potentially regulates several other transcriptional regulators, and bZIP24b, which potentially regulates nucleosome and chromatin organization. In combination with photosensory patterns observed over the day/night cycle ( Fig. 3) , these inferences identify the most likely regulators of diel transitions in diatoms. These findings can be used to design new experiments to dissect this process, as well as to develop comprehensive models of physiological regulation in diatoms.
Conclusion
We identified the core physiological and transcriptomic transitions associated with diatom growth under conditions that shift between dark and light periods and from nutrient-replete to -depleted conditions. Thousands of genes of both known and unknown function fluctuated in expression during these experiments and were associated with markedly different conditions and cell states.
T. pseudonana appears to be broadly entrained to anticipate the diurnal cycle at the level of gene expression, as previously suggested (29, 30) . The shift from exponential growth to nutrientdepleted stationary phase attenuated many diel patterns of expression. A highly robust, flexible, and multifactorial gene regulatory program was apparent that involves large portions of the available regulatory repertoire under typical growth conditions. This sensing, signaling, and regulatory system, which includes several previously uncharacterized putative photoreceptors and signaling proteins, presumably detects environmental conditions and conducts large changes in cell physiology accordingly. The association of nearly half of T. pseudonana genes with environment-dependent regulatory modes partly explains how the diatom gene regulatory program operates under typically varying conditions. Together with studies conducted in related diatoms (52) , this represents a broad model of diatom gene regulation against which to compare unique diatom responses to specific conditions and environments, which will be valuable for new hypothesis generation and the interpretation of genetic, environmental, and metatranscriptomic field studies.
Materials and Methods
Growth and Sampling. Axenic cultures of T. pseudonana were grown in enriched artificial seawater (ESAW) medium modified with reduced levels of nitrate (80 μM), silicic acid (110 μM), and phosphate (20 μM). Before the experiment, the diatoms were acclimated to constant 20°C temperature and ambient CO 2 under a 12:12 h dark:light diurnal cycle at 125 μmol photons·m −2 ·s −1 . The light quality and quantity remained constant throughout the light period. The cultures were continuously equilibrated at ambient (400 ppm) or elevated (800 ppm) CO 2 by bubbling of mixed gasses (2 L/min) and stirring (50 rpm) in a 10-L glass bioreactor system (BioFlow). Eight-liter bioreactors were inoculated with 5 × 10 4 cells/mL of acclimated, axenic T. pseudonana and grown for 1 wk on a 12:12 h dark:light cycle. pH was measured continuously and calibrated by spectrophotometric measurements every 2 h. CFC was measured using the selective inhibitor of photosystem II, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) (53) . Nutrients (NO 3 , NH 4, PO 3 , and Si) were sampled twice daily.
RNA Extraction, Labeling, and Hybridization. Cells (∼3 × 10 7 ) were harvested at the end of the dark periods (dawn) and at the end of the light periods (dusk) by filtration (30-200 mL) and then flash frozen. Total RNA was extracted using the mirVANA kit from Invitrogen (total RNA extraction protocol). Transcribed mRNA was amplified and labeled using the Agilent Quick-Amp Labeling kit (two color). Agilent oligonucleotide array slides were hybridized with equal amounts of oppositely labeled sample and internal reference RNA and scanned using an Agilent two-color array scanner. Gene-specific arrays were obtained from Agilent Technologies. At least three probes were designed to match the 3′ end of each of the 11,390 Thaps3.0 nuclear gene models (10) , as well as 180 chloroplast genes (54) .
Microarray Data Processing and Gene Expression Analysis. Two-color expression data were normalized using the limma package in R (55). Expression ratios were calculated relative to the mean within-experiment expression level for each probe to remove batch effects between experiments. A twofactor ANOVA (exponential:stationary, dark:light) was performed on the data using the MeV program (56), with significance assigned at an alpha level of 0.01 based on 1,000 permutations. Exponential samples were those collected before the light period of day 3 (∼80 h); stationary samples were those collected afterward. This grouping of samples coincided with the decline in specific growth rate of the freely growing cultures to a value below 1/d (Fig. S2) . Dawn samples were collected in the dark after 12 h of constant darkness. Dusk samples were collected in the light after 12 h of constant light. Gene functional enrichment within these groups was analyzed using a binomial test with Benjamini-Hochberg correction in the Gitools program (57) . All microarray data are available under GEO accession GSE45252.
Transcriptional Regulatory Network Inference. A model for potential gene regulation by transcription factors on target genes was inferred for each transcription factor in five major families (49) . Transcription factors were proposed as candidate regulators for target genes if all of the following were true: (i) the TF and its target genes were highly correlated in expression changes over multiple published array experiments (bootstrap P < 0.025), (ii ) the upstream region of each target gene (−400 to +50 bp) contains at least one potential DNA binding site that matches a conserved DNA-binding motif for the TF family (motif P < 1 × 10 −4 ), and (iii) the upstream regions of highly correlated target genes were enriched in putative TF-DNA binding sites, compared with all genes (hypergeometric P < 0.05). Putative DNA-binding motifs for conserved TF families were assumed from DNA sequence specificity profiles that have been experimentally determined for orthologous transcription factor families in plants (SI Materials and Methods).
